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Abstract
We reported a controlled architecture growth of high density and ordered polymeric nanoparticle film of poly (3, 4-
ethylene dioxythiophene) (PEDOT) via Langmuir-Blodgett (LB) technique, and self-assembled performance of 
PEDOT nanoparticles at air/water interface was investigated in detail. The conducting film consisting of high density 
and ordered nanoparticles was transferred onto ITO substrate as a hole injection layer for organic light emitting 
diodes (OLEDs). The results showed that, compared to conventional PEDOT film, the improved performance of 
OLEDs was obtained after using ordered PEDOT nanoparticle layer as hole injection layer. It also indicated that 
compact arrangement and well-ordered structure of conducting channel was attributed to the improvement of OLED 
performance, leading to the increase of charged carrier mobility in hole injection layer and the recombination rate of 
electrons and holes in the electroluminescent layer.
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1. Introduction
As for electronic device application, conducting polymer nanostructures, including nanowires, 
nanoparticles, and nanobelts have a larger surface area than their conventional bulk counterparts and have
been a subject of growing interest in recent years for their promising application in microelectronics, 
sensor, solar cell et al.[1]-[3]. Therefore, they have the capability of offering amplified electronic 
response due to the enhanced interaction between carries in polymer nanostructures [4]-[5]. To date, some 
works have been carried out on the preparation of conducting polymer nanostructure and the investigation 
of conducting performance of these nanostructures. Those preparing methods include hard and soft 
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template method [6]-[8]. Conducting polymer nanoparticles have been fabricated mainly using soft
template such as micelles and mesoporous materials. The use of micelle template is of advantage in 
tailoring the diameter and size of desirable nanomaterials as their dimension defined by the size of 
micelles [9]. However, such approaches have produced nanoparticles in non-ordered configuration and 
these nanomaterials show disadvantage in terms of obtained high performance electronic materials, 
mainly due to the drawback such as the non-ordered structure of conducting layer for transportation of 
carries. To overcome these problems, a novel and effective route to fabricated ordered structure materials 
as conducting layer of electronic devices, such as organic light emitting diodes (OLEDs) with Quantum-
Dot as hole injection layer is required [10]-[11]. 
Langmuir-Blodgett (LB) technique has been demonstrated largely successful in preparing their 
monolayer. It has been used extensively in the preparation of monolayer for molecular electronics, and 
more recently to create nanocrystalline monolayer with tunable properties [12]. In this case, suspension of 
nanostructures (mixed with surfactants) is dispersed on the water surface of a LB trough, the interaction
between surfactants and the nanostructures causing the nanostructures to float on the water surface. Then 
the floating nanostructures are compressed to higher density on the surface, with computer-controlled 
trough barriers mimicking the banks of logging river. Many nanostructures reorient themselves and align 
paralleling to the trough barrier, finally forming a closely packed monolayer [13]. Well arranged 
monolayer can then be transferred onto any substrate or devices. This ordered monolayer shows 
promising application for hole injection layer due to its well orientation structure for well transportation 
of carries. Though there have been several reports on the preparation ordered nanostructures structure via 
LB technique, there has been a lack of preparing ordered conducting polymer nanoparticles through LB 
technique , and few reports have been done on the hole injection property investigation of this ordered 
nanoparticles structure.
As a promising conductive polymer, poly (3, 4-ethylene dioxythiophene) (PEDOT) is suitable for 
OLED application due to its high conductivity, environmental stability and effective injection of carries in 
hole transfer layers [14]. Some works have also been attempted to prepare PEDOT nanomaterials for 
OLED applications [15]. However, there is no report about the self-assembly of PEDOT nanoparticles at 
the air/water interface by LB technique and the study of their application in hole injection layer. 
Therefore, the aim of this work is to investigate the fabrication of ordered nanoparticles structure through 
LB technique and their application for hole injection layer in OLED. By introducing ordered 
nanoparticles layer within the multilayer structure of OLED, the obtained ordered LB film was deposited 
on ITO substrate as a hole injection layer and the performance of OLED was investigated. The spin-
coated nanoparticle film and conventional PEDOT film for hole injection layer and related device 
performance were also discussed.
2. Experimental
2.1. Materials
3, 4-ethylene dioxythiophene (EDOT) was purchased from Bayer AG. Toluene-p-sulfonic acid (Tpsa), 
FeCl, Sodium bis (2-ethylhexyl) sulfosuccinate (AOT), polymer-emitter material Alq3 and other chemical 
reagents were purchased from Aldrich and used as received.
2.2. Fabrication and characterization of PEDOT nanoparticles
Reversed micelles dispersion was prepared by introducing 5.2 g AOT into 30 ml isooctane and stirred 
simultaneously, and subsequently 0.55 ml of aqueous FeCl3 solution (12.4 M) was introduced into the 
AOT/isooctane solvent mixture in order to form oxidizer spot at the micelle interface. Then, 0.4 g of the 
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EDOT monomer was added into the mixed solution and the color of the solution changed from yellow to 
black, indicating the polymerization of the EDOT monomer. After the polymerization reaction of the 
EDOT proceeded for 12 h at room temperature, the resulting product was washed by ethanol to remove 
AOT and residual reagents. The identical washing process was carried out at least three times. Then the 
obtained PEDOT nanoparticles powder was kept in vacuum oven at 80 °C for 2 h. 
UV-Vis-NIR spectra were recorded with a DT-1000CE spectrometer. FT-IR spectrum was 
characterized with a WGH-30 analysis instrument (Tianjin, China). Surface morphology of the 
nanoparticles was investigated by using scanning electron microscopy (SEM) model S-2400 from Hitachi 
and transmission electron microscopy (TEM) model JMC-200E from NEC. 
2.3. Preparation of PEDOT nanoparticle OLED
Self-assembly ability of nanoparticles at air/water interface and the deposition of nanoparticle
Langmuir film on ITO substrate were carried out in KSV-5000 LB system (Finland). The subphase 
solution was prepared using ultrapure water (resistance >18 MΩ, pH=5.1). For the spreading solution, 1.0
mg/ml nanoparticle-surfactant (5:1)/chloroform solution was first pretreated in an ultrasonic bath for 20
min, and then carefully spread on an aqueous subphase. After the thorough evaporation of the solvent for 
15 min, the floating layer on the subphase was compressed at a rate of 1 mm/min and the π-A isotherm 
was recorded simultaneously. After an appropriate surface pressure was obtained, the monolayer was 
compressed for 25 min under an oscillation mode with a speed of 0.3 mm/min. Then it was easily to 
transfer nanoparticle Langmuir film onto the substrate or devices using vertical dipping mode. 
For hole injection layer investigation, OLED with a structure of ITO/PEDOT nanoparticle film/
polymer-emitter/ca-electrode was fabricated, and the device performance was tested at ambient room 
temperature.
3. Results and Discussion
The synthesized PEDOT in AOT reversed micelle solution appeared to be particle shape and their 
sizes varied from 20 to 40 nm, which is much smaller than conventional PEDOT particles prepared by 
conventional oil/water interface polymerization method (shown in Fig. 1). From the inset of Fig. 1, it can 
be clearly seen that the obtained PEDOT particle can be dispersed very well in organic solvent under 
ultrasonic treatment. 
In the AOT reversed micelle phase, the anionic head-groups of AOT extract iron cations from the 
aqueous FeCl3 solution by an electrostatic attraction, and thus the iron cations can be adsorbed to the 
anionic headgroups of AOT. The obtained PEDOT nanoparticles can disperse very well in organic 
solvent, e.g. chloroform, under ultrasonic treatment. Interestingly, we found that the dispersion ability of 
PEDOT nanoparticles can be improved dramatically by adding toluene-p-sulfonic acid into oxidizer
solution prior to polymerization, and the obtained PEDOT nanoparticles can disperse more easily in 
organic solution and suitable for preparation of nanoparticle-surfcant solution for LB deposition.
Fig. 1. SEM image of un-dispersed PEDOT nanoparticles prepared by reverse micelles template method, the inset is TEM image of 
single nanoparticles.
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Fig. 2. (a) UV-Vis adsorption spectra and (b) FT-IR spectra of PEDOT nanoparticles
Ultraviolet-visible-near IR (UV-Vis-NIR) spectra indicate an absorption peak at 880 nm as shown in 
Fig. 2(a), corresponding to the polarons and bipolarons absorption in PEDOT, which indicates PEDOT 
nanoparticles have been doped during the polymerization process. Moreover, the UV-spectra also confirm 
an absorption peak change with the change of doped state to dedoped state of nanoparticles.In our study, 
FeCl3 and toluene-p-sulfonic acid were simultaneously injected into interface of reverse micelles, 
followed by the initiation polymerization of EDOT monomer into this oxidizing/doping system. 
Therefore, the obtained PEDOT nanoparticles may be doped by Cl- and toluene-p-sulfonic acid counter-
ions simultaneously. FT-IR spectra (shown in Fig. 2(b)) also confirmed the formation of PEDOT 
nanoparticles as evidenced with the presence of the absorption peaks.
To obtain highly ordered arrangement PEDOT nanoparticles structure, we investigated the self-
assembly ability of pure nanoparticles and nanoparticles-surfactant complex at air/water interface. The 
nanoparticles/chloroform and nanoparticle-surfactant/chloroform solution was simultaneously spread at 
air/water interface of double LB trough, and the surface pressure-mean molecule area (π-A) isotherm 
curve was recorded (as shown in Fig. 3). From Fig. 3 we can see that the pure PEDOT nanoparticles
exhibited relatively poor self-assembly ability (the dashed line) at air/water interface. With continuous 
compressing, pure nanoparticles float layer exhibits higher compressibility, and the surface pressure 
increases slowly with further compressing. The film collapsed at comparatively low pressure (<25
mN/m). For PEDOT nanoparticles, the soft nature of polymer backbone resulting in nanoparticles exhibit 
a ‘soft’ state at interface, and the nanoparticles at interface would interact or overlap each other more 
easily at higher surface pressure, results in early collapse of single nanoparticles layer. As for surfactant-
nanoparticles floating layer, the film shows low compressibility and a fast increase of surface pressure 
occurred with continuous compressing, and the float layer changes to solid state more quickly. This 
complex nanoparticles film collapsed at relatively high pressure (>30 mN/m), which indicates that the 
stable LB film is formed at the air/water interface with the addition of surfactant. Due to the mixing of 
PEDOT nanoparticles and surfactant, nanoparticles show high performance as a LB film material. The 
interaction between surfactants and nanoparticles causes the nanoparticles to float stably on water surface 
until the floating nanoparticles are compressed to higher density on surface. Nanoparticles reorient 
themselves and align paralleling to LB trough barrier, finally forming a closely packed monolayer (as 
shown in Fig. 3). This compressing process could be continued to a surface pressure more than 30 mN/m. 
It was also found that, during the expansion process, some rigid blue-black patches could be observed at 
air/water interface, which exhibits strong attractive interaction between the PEDOT nanoparticles.
The surfactant-nanoparticles LB film could be transferred vertically onto a hydrophilic surface of solid 
substrates such as ITO electrode, and a conducting polymer nanoparticles layer covered optoelectronic 
devices could be fabricated. However, the deposition surface pressure was at a relative high value of 30
mN/m, indicates that a compact and ordered arrangement nanoparticles structure was constructed on the 
electrode, and different arrangement of nanoparticles can be achieved by adjusting self-assembly process. 
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Hence, it is possible to obtain ultrahigh density nanoparticles array at higher surface pressure, which
shows promising application on organic optoelectronic and electronic devices. Furthermore, the electrical 
conductivity of single layer nanoparticle LB film was studied by four-point probe technique, and the 
results showed that this high density nanoparticle layer exhibits a conductivity ca. 15.6 S/cm.
Fig. 3. π-A isotherm curve of PEDOT nanoparticles (dashed) and PEDOT-surfactant complex at air/water interface, and a schematic 
illustration of nanoparticles arrangement at interface during compressing process.
Conducting polymer PEDOT nanoparticle exhibits potential application for hole injection layer due to 
their high conductivity and larger surface area. Moreover, this single and compact PEDOT nanoparticles
layer may exhibit excellent hole injection property for carries transportation due to its well orientation 
structure, which could be easy for a hopping process in organic electronic materials. In order to evaluate 
the hole injection performance of PEDOT nanoparticles film, an ITO/PEDOT nanoparticles film/
polymer-emitter/ca-electrode OLED device structure was fabricated and the device performance was 
investigated.
      
(a)                                                                     (b)
Fig. 4. (a) Current density (J)- bias voltage (V) and (b) luminance (L) - bias voltage (V) curves of OLED with different thin film as 
hole injecting layer.
In Figure 4 the enhanced current density of OLED were observed after the ordered PEDOT
nanoparticle layer was introduced into multilayer structure of OLED. Fig. 4(a) shows J-V characteristics 
of device with different layer as hole injection material. Comparing with spin-coating PEDOT 
nanoparticle film and conventional PEDOT film, the device consisted of PEDOT nanoparticle layer as 
hole injection layer has higher current density. This results is in good agreement with the ordered and 
compact structure of PEDOT nanoparticles film obtained LB deposition, which can supply well ordered 
and compact structure for further enhanced the hole injecting capability from ITO to emitting materials. 
Compared to conventional spin-coating PEDOT film, the current enhancement of device was observed 
after the film was replaced with PEDOT nanoparticle film, which can also indicate that a nanoparticle
layer structure can also improve hole carrier injection performance effectively in OLED. Luminance-
voltage relationship of devices in Figure 4(b) also indicates that the insertion of ordered and high density
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nanostructure layer for hole transferring layer further enhanced the exciton formation from hole-electron 
combination.
4. Conclusion
Conducting polymer nanoparticle LB film was constructedon ITO as a hole injection layer of OLEDs. 
The nanoparticle LB films can deposit on ITO surface stably under a high surface pressure. The compact 
nanoparticle LB film exhibit excellent hole injection property for carries transportation due to its well 
orientation structure, which could be easy for a hopping process in organic electronic materials. The paper 
also presented an effective way to constructed functional ultrathin layer for other opto-electronics devices.
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